Nuclear quadrupaole hyperfine structure in 21,2 t--30,3 and 11,1 4-20,2 rotational transitions of CH23 5C l2 at 9.2 and 15.9 GHz, respectively, was measured with a newly constructed pulsed supersonic beam, cavity Fourier transform microwave spectrometer. All components of nuclear quadrupole splitting tensors of the chlorine nuclei in inertial and in principal quadrupole axes were determined. It is shown that in methylene halide molecules nuclear quadrupole information leads to a value for L(XCX) which is systematically larger than L(XCX) defined by the positions of the nuclei. Some novel features of the spectrometer are also described.
Introduction
The increasing use of molecular beam spectroscopic techniques, which allow high-resolution studies in the sub-Doppler regime, currently provides insight into many hitherto unknown molecular properties. It is now, for example, possible to determine fme details of electron distribution in standard covalent bonds, which are conventionally assumed to be cylindrically symmetric about the axis joining the bound nuclei. Accurate studies of nuclear quadrupole coupling allow measurement of the previously elusive off-diagonal components of the nuclear quadrupole splitting tensor in asymmetric top molecules, so that diagonalization of this tensor is possible, and the orientation of its principal axes can be determined. Nuclear quadrupole splitting constańts χ are proportional to the fleld gradients 82 V/áα2 . For a quadrupolar nucleus terminal to a cylindrically symmetrical chemical bond the principal quadrupole tensor elements are related, in view of Laplace's equation, by Xzz = -(χ x x + χyy ) and χxx = χy ,, and the z-axis is collinear with the internuclear bond axis. In practice, the electron density about the z-axis is slightly deformed as indicated b y non-zero values of the quadrupole asymmetry parameter n = (χ -Xyy)/Xzz, and the z-axis is not exactly collinear with the bond axis. There is considerable literature on the use of n to characterize such quantities as the amount of π-character of bonds [1] , yet little is known about the trends concerning the divergence between bond direction and the direction of the symmetry axis of electron density. Good agreement between directions of the z-axis and the bond axis has often been noted, although, to our knowledge, there has been little discussion of possible systematic differences. One of the reasons was that usually either the quadrupolar or the structural information was less precise than the difference between the two.
Accurate information of this type has recently become available for two members of the methylene halide series, CH 2 B r 2 [2] and CH 2 I2 [3] . For CH2 Cl2 principal nuclear quadrupole splitting constants lave been determined in a pioneering study of off-diagonal quadrupole contributions [4] although the attained precision is insufficient for comparison against structural information. Quadrupole splitting constants of chlorine nuclei are much smaller than those of the two heavier halogens and off-diagonal contributions to frequencies of rotational transitions normally do not exceed several tens of kHz, unless a suitable perturbation is present [5, 6] . The use of sub-Doppler spectroscopic methods which, in the microwave region, are characterized by measurement accuracy at the single kHz level, allows precise determination of such effects in the general case. Presently we report the results of measurements of nuclear quadrupole structure in the rotational spectrum of CH2 C l2 with a pulsed supersonic beam, cavity Fourier transform microwave (FTMW) spectrometer. Comparison between angular information available from quadrupole constants with structural angles for the methylene halide molecules is made and reveals systematic trends which are discussed. Several novel features of our spectrometer are also described.
Experimental details
The measurements were carried out with the newly commissioned, pulsed supersonic nozzle, cavity FTMW spectrometer at the Institute of Physics, Warsaw (Fig. 1) . The spectrometer is based on the well established Balle-Flygare design [7] but it embodies several key modifications for ease of use and improved sensitivity.
The spectrometer consists of a 60 cm diameter vacuum chamber which is pumped, through a 40 cm diameter cut-off valve, b y a 5000 1 s -1 oil diffusion pump backed by a 100 m3 h-1 rotary pump, produced by TEPRO, Poland. The vacuum chamber is provided with a hinged door so that the microwave resonator, which is constructed as a self-supporting module, can easily be moved in or out. One mirror of the resonator is linked to a compnter controlled translation stage and the resonator can be tuned by monitoring the signal reflected from the resonator with a digital voltmeter. Automatic scanning under computer control is therefore possible. The small L-type coupling aerials in the centers of the mirrors can also be moved from outside the vacuum chamber b y means of appropriate mechanical linkages.
The microwave signal path is constructed entirely from broad band coaxial elements and the diameter of the resonator mirrors was increased to 50 cm so that the low-frequency limit of diminishing performance (Fresnel number of unity) was lowered to 4.5 GHz. The two microwave sources, the HΡ-8672Α synthesizer and the HΡ-8620C/HΡ-86290C sweeper are locked together by means of the HΡ-8709Α synchronizer, and provide remotely controlled operation over the whole design 2-18.5 GHz frequency range of the spectrometer.
Α flexible data acquisition system was constructed on the basis of an averaging digital oscilloscope (LeCroy 9310ń). The only purpose designed electronic module, the "master pulse box", allows appropriate sequencing of up to 99 microwave pulses per single gas pulse. The sample is pulsed into the vacuum cham-ber through a 0.35 mm orifice in a backing plate attached to a General Valve Corp. Series 9 valve with 0.5 mm output diameter. The small secondary expansion chamber created in this way extends the usable duration of gas expansion to 5 ms, as illustrated in Fig. 2 . Wide variation of the number and spacing of the exciting microwave pulses per gas pulse is possible, and typically from 20 to 80 microwave relaxation signals were recorded per single gas pulse. The multipulse time-domain interferogram, of the type shown in Fig. 2 , is autonomously averaged within the oscilloscope over as many gas pulses as necessary. The acquired information is transferred to the computer only on completion of the measurement, the individual microwave segments are then coadded, and the result subjected to the fast Fourier transform (FFΤ) procedure to yield the frequency-domain spectrum. The hardware and signal processing purpose-built software allow for various compromises between resolution and sensitivity, as illustrated in Fig. 3 . For example, during analysis of complex hyperfine patterns, the FFΤ of only the first wave packet of the relaxation signal can be used to simplify the spectrum by eliminating the Doppler doubling. Alternatively, in a spectrum like that in Fig. 3 , only the first 65 μs o f t h e r e l a x a t i o n s i g n a l c o u l d b e r e c o r d e d . T h i s w o u l d i n c r e a s e S / N by more than doubling the number of microwave pulses during a single gas pulse, although it would be at the cost of decreasing precision of frequency measurement by a corresponding factor. Various signal processing options such as background subtraction, variable amount of zero filling prior to carrying out the FFΤ, or altering the apparent relaxation time of the recorded interferogram were also used to aid analysis. The speed of contemporary personal computers allows considerable amounts of zero filling, since with the P120 computer used in the spectrometer FFT of 16384 data points programmed with standard software tools [8] takes less than one second. For this reason the measured line contours no longer have to be subject of insufficient data points in the frequency-domain, which affected earlier work [9] . Although schemes employing multiple microwave pulses for a single gas pulse have been reported previously [10] , ours has the advantage of considerably greater flexibility in the choice of acquisition parameters.
The molecnlar beam was generated by expanding the mixture of ca. 2% of CH2Cl2 in Ar carrier gas into the high vacuum chamber of the spectrometer, from a backing pressure of 0.7 atm at a rate of 2 Hz. The signal was averaged over several tens to several hundred gas pulses, depending on the intensity of the measured spectroscopic transition. Several of the known techniques for increasing sensitivity, such as the use of a microwave amplifier before the detecting mixer M2, or pulsing the sample along the resonator axis, still remain to be explored. Nevertheless current sensitivity was sufficient for observation of the rare isotopic species of a van der Waals dimer, 36 Αr...H3 5C l, the abundance of which is 0.3% of the parent isotopomer [11] .
3. Results The rotational spectrum of CH2Cl2 is allowed by the nonzero μ dipole moment component. In the frequency region 2-18 GHz only two b Ρ-type rotational transitionS, 21,2 <--30,3 and 11 ι <-20,2, are expected to be observable at the low, sub 10 K, rotational temperature of the molecular beam spectrometer. The frequencies of many hyperfine components for both of these transitions were mea-sured and are reported in Table I. For CH2Cl2 , in which there are two symmetry equivalent chlorine nuclei, the optimum analysis of the hyperfine structure is through the I, F coupling scheme of nuclear spins with molecular angular momentum [1] . The Hyperfine quantum numbers are thus Ι = Ι(Cl1)+Ι(Cl2), F = I+J and, for P-type transitions, the most intense hyperfine components are ΔΙ = 0, ΔF = -1. The Hamiltonian matrix was constructed by combining Watson's A-reduced pure rotational Hamiltonian Hr [12] with the splitting Hamiltonian Hq set up using spherical tensor methods [1] . The powerful program suite written by Pickett was used [13] . Graphical display programs were used to identify and select for measurement hyperfine components with the highest contributions from the off-diagonal quadrupole constant χab.
The values of spectroscopic constants resulting from fitting the measured transition frequencies are given in Table II . Rotational and centrifugal diStortion constants determined in the high-resolution far-infrared (FIR) study of CΙ 2 C12 have been assumed [14] . The deviation of fit is seen to be well within the value of 2 kHz generally assumed for the precision of measurement with the cavity FTMW method. The analysis of FTMW measurements requires more precise information about H than is provided by the FIR constants and inclusion of rotational constant B in the fit reduces deviation of fit from 2.28 kHz to 1.28 kHz. Its fitted value B = 3320.28126(6) MHz is, however, consistent with the FIR value of 3320.28179(63) MHz. The frequency accuracy of FTMW measurements is also sufficient to observe spin-rotation effects. Spin rotation Hamiltonian [16] was added to Hr + Hq , and the transitions measured here were found to determine the Μ component of the spin-rotation tensor, as listed in Table II . Although the experimental values of spin-rotation constants in asymmetric top molecules are still not very well understood, the present value is consistent with the magnitude of several kHz typically determined for the chlorine nucleus [16] .
The CH2Cl2 molecule is oriented in the inertial axes so that the heaviest nuclei lie in the αb inertial plane, as illustrated in Fig. 4 . Thus the only non-zero off-diagonal quadrupole constant is Xα b, although it should be remembered that Χab(C11) = -χαb(Cl2) [3, 4] . Diagonalization of the quadrupole tensor measured in the inertial axes frame will correspond to rotation through the angle θza defined by tan(2θza) = 2Χαb/(Χaa -χbb). The derived values for the components of the principal quadrupole tensor and for the rotation angle are also given in Table II. The presently determined values of Xαb and of principal quadrupole coupling constants for CH2Cl2 compare with χab = 52(3) ΜHz, χzz = -76(4) ΜHz, and χx x = 36(4) MHz determined in [4] . The value θzα = 34 ± 10, which was the primary quantity determined in [4] , and was one of the first such determinations, is seen to have been quite reliable, since the present more precise value is well within the previous error bounds.
Discussion
The present paper completes the data necessary for comparison of angular quadrupole information with structural angles for three lightest quadrupolar methylene halides at accuracies which allow differences to be assessed with significance. The comparison is presented in Table III and it can be seen that the quadrupolar angle 9z6 is systematically smaller by 0.7-1.1° than the angle between the CX bond and the α-axis. There is also a smooth increase in this difference, and a decrease in n , with the size of the halogen. The difference is magnifled by a factor of 2 when considering L(XCX), and the quadrupole information defines an angle which is in all cases greater than the internuclear angle. Supporting evidence that this type of behavior is not limited to methylene halides comes from the data for CH 2 BrCl [18] and CF 2 ΒrCl [19] , in which L(BrCC1) is consistent with the present pattern. This observation can be reformulated into a conjecture that angles defined by symmetry axes of the field gradient between nuclei with large electron density will exceed the internuclear angles. Of course, it is not entirely unexpected that the electron density at two terminal nuclei bound to a common atom would suffer some repulsive type distortion. Nevertheless, since we are measuring the properties of the field gradient and not the electron density itself we would not claim that these differences directly define the amount of "banana" character in covalent chemical bonds. The proper route forward would be to compare the experimental results with accurate ab initio electron density and field gradient calculations, although it is not certain that such small effects can yet be reliably modeled. We believe, however, that we have in this paper identified trends which, even though they are small, have an important bearing on the nature of the chemical bond.
